Clavulanic acid (CLA) exhibits low MICs against some Acinetobacter baumannii strains. The present study evaluates the efficacy of CLA in a murine model of A. baumannii pneumonia. For this purpose, two clinical strains, Ab11 and Ab51, were used; CLA MICs for these strains were 2 and 4 mg/liter, respectively, and the imipenem (IPM) MIC was 0.5 mg/liter for both. A pneumonia model in C57BL/6 mice was used. The CLA dosage (13 mg/kg of body weight given intraperitoneally) was chosen to reach a maximum concentration of the drug in serum similar to that in humans and a time during which the serum CLA concentration remained above the MIC equivalent to 40% of the interval between doses. Six groups (n ‫؍‬ 15) were inoculated with Ab11 or Ab51 and were allocated to IPM or CLA therapy or to the untreated control group. In time-kill experiments, CLA was bactericidal only against Ab11 whereas IPM was bactericidal against both strains. CLA and IPM both decreased bacterial concentrations in lungs, 1.78 and 2.47 log 10 CFU/g (P < 0.001), respectively, in the experiments with Ab11 and 2.42 and 2.28 log 10 CFU/g (P < 0.001), respectively, with Ab51. IPM significantly increased the sterility of blood cultures over that for the controls with both strains (P < 0.005); CLA had the same effect with Ab51 (P < 0.005) but not with Ab11 (P ‫؍‬ 0.07). For the first time, we suggest that CLA may be used for the treatment of experimental severe A. baumannii infections.
Acinetobacter baumannii is a gram-negative, nonfermenting, nonmobile, strictly aerobic, oxidase-negative bacterium that is able to grow in general culture media without specific requirements (4) and is often associated with nosocomial infections and outbreaks (16, 21, 22) . This pathogen can produce different types of infections, such as septicemia, endocarditis, meningitis, wound and skin and soft-tissue infections, urinary tract infections (4) , and nosocomial pneumonia, especially in patients with mechanical ventilation (8, 26) . The attributable mortality of A. baumannii infections ranges from 7.8% to 23% (17, 18) .
The standard treatment for infections caused by A. baumannii has been imipenem (IPM). This pathogen exhibits a great adaptive capacity and a great ability to acquire numerous effective antibiotic resistance mechanisms, and it may be considered the paradigm of multiresistant nosocomial bacteria. The frequent isolation of strains with resistance to the most commonly used antimicrobials, including IPM, has prompted the evaluation of diverse therapeutic alternatives, such as sulbactam and colistin, which have shown efficacy similar to that of IPM, rifampin (rifampicin), and tigecycline and are under evaluation for the treatment of A. baumannii infections, and antimicrobial peptides, which are still in experimental preclinical studies. Thus, the absence of an optimal treatment necessitates the development of new therapeutic alternatives (44) .
The commercial ␤-lactamase inhibitors (clavulanic acid [CLA] , tazobactam, and sulbactam) generally have low antibiotic activity against most microorganisms and therefore are not used alone as antimicrobial agents. Sulbactam shows good bactericidal activity in vitro against A. baumannii, and it has been observed that the efficacy of sulbactam against susceptible strains is similar to that of IPM in an experimental pneumonia model (33) . CLA was the first ␤-lactamase inhibitor to be used commercially (35) . It is a suicide inhibitor, leading to an irreversible union with ␤-lactamase. This inhibitor has high affinity for class A ␤-lactamases, including TEM, SHV, and CTX enzymes.
Although the activity of CLA against A. baumannii is lower than that of sulbactam, two studies with 100 and 115 genetically different clinical strains have been published recently, showing a range of CLA MICs from 2 to 256 mg/liter, with MICs of Յ8 mg/liter for 29% and 40.9% of strains, respectively (3, 27) ; the MICs at which 50% of isolates were inhibited (MIC 50 s) and MIC 90 s ranged from 16 to 32 and 64 to 512 mg/liter, respectively (3, 27) . In another study, the in vitro activities of various ␤-lactams, along with ␤-lactamase inhibitors, against 68 strains of Acinetobacter spp. were analyzed, showing that CLA was more active than other antimicrobials, such as ceftriaxone, cefotaxime, and piperacillin (41) . In another work, nonclassical combinations of ␤-lactams and ␤-lactamase inhibitors were studied, and CLA increased the efficacy of the combinations tested, both in vitro and in vivo (45) .
The aim of this study was to compare the efficacy of the 
MATERIALS AND METHODS
Bacterial strains. Two clinical A. baumannii strains with different susceptibility patterns, Ab11 and Ab51, were selected from 244 Acinetobacter isolates characterized in a previous work (3, 5) . The strains were identified phenotypically and were confirmed by amplified rRNA gene restriction analysis (43) . The epidemiological relationships of the two Acinetobacter isolates were determined by repetitive extragenic palindromic-PCR (5). The strains were chosen due to their susceptibility to CLA and their ability to produce infections in the murine pneumonia model. Antimicrobials and susceptibility tests. CLA was obtained from GlaxoSmithKline (Madrid, Spain), IPM from Merck, Sharp & Dohme (Madrid, Spain), sulbactam from Pfizer (Orsay, France), and tazobactam from Wyeth Pharmaceuticals (Philadelphia, PA). For these antibiotics, MICs were determined by broth microdilution according to Clinical and Laboratory Standards Institute (CLSI) methods (9) . The activities of CLA and IPM were tested using three different inocula: 10 5 , 10 6 , and 10 7 CFU/ml. For ampicillin, piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, meropenem, ciprofloxacin, trimethoprim-sulfamethoxazole, gentamicin, amikacin, and colistin, MICs were determined by Etest (AB Biodisk, Solna, Sweden) according to the manufacturer's instructions.
Minimal bactericidal concentrations (MBCs) were determined by subculturing 100-l aliquots from wells containing antimicrobial concentrations greater than or equal to the MIC of CLA or IPM onto antimicrobial-free Mueller-Hinton agar. Plates were incubated at 35°C for 24 to 48 h, and viable colonies were counted. The MBC was determined as the concentration that killed Ն99.9% of the initial inoculum.
Time-kill curves. The in vitro bactericidal activities of CLA and IPM were measured using the time-kill method as described by the NCCLS (30) . Briefly, 20 ml of MHBCA (Mueller-Hinton broth, cation adjusted; Becton Dickinson Microbiology Systems, Cockeysville, MD) was incubated at 37°C with a concentration of antibiotic equivalent to the MIC, twice the MIC, or four times the MIC (1ϫ, 2ϫ, or 4ϫ MIC) and an inoculum of 5 ϫ 10 5 CFU of strain Ab11 or Ab51/ml. As a control, tubes containing 20 ml of medium broth with the inoculum and without antibiotic were used. The bacterial concentration (expressed in log 10 CFU per milliliter) was determined at 0, 2, 4, 8, and 24 h. An antibiotic was considered bactericidal when it produced a decrease of Ն3 log 10 CFU/ml from the initial inoculum.
PAE. The in vitro postantibiotic effect (PAE) was determined by exposing both strains to CLA and IPM at concentrations of 1ϫ, 2ϫ, and 4ϫ MIC for 60 min in MHBCA. Antibiotic was removed by centrifuging three times at 4,500 ϫ g for 10 min, removing the supernatant, and resuspending the pellet in prewarmed broth. The number of CFU per milliliter was counted at 0, 2, 4, 8, and 24 h. A growth control was performed in the same way without exposure to the antibiotic (12) .
In vitro inactivation of CLA. Twenty milliliters of MHBCA with 1ϫ, 2ϫ, and 4ϫ MIC of CLA was inoculated with 5 ϫ 10 5 CFU/ml of Ab11 or Ab51. The cultures were incubated at 37°C, and the concentration of CLA was determined at 0, 2, 4, 8, and 24 h. Aliquots (50 l) of each culture were collected and centrifuged at 4,500 ϫ g for 10 min, and the bacterium-free supernatant was analyzed. The CLA concentration was calculated with a bioassay using Klebsiella pneumoniae ATCC 29665 (31) as an indicator. Two 10-l aliquots from each time point were loaded onto blank disks, and the size of the inhibition zone was measured. Concentrations were estimated by extrapolation from the standard curve. The intraday and interday variations of the assays are described below.
Studies of AmpC enzymes. For the kinetics experiments, a total-protein extract was prepared by sonication of each strain. The steady-state kinetics parameters (K m -and maximum rate of metabolism [V max ]-like parameters) for CLA were determined at 25°C using a Nicolette Evolution 300 spectrophotometer (Thermo Electron Corporation, Waltham, MA). Each rate was determined three times in phosphate-buffered saline, with quartz cuvettes with a 1-cm path length. The K m values were calculated as K i values in competitive assays with nitrocefin (Oxoid Ltd., Basingstoke, Hampshire, England). The V max was calculated by considering a CLA concentration four times the K m (28).
Animals. Immunocompetent C57BL/6 female mice, weighing 16 to 18 g, were obtained from the University of Seville; they had a sanitary status of MPF (murine pathogen free) and were assessed for genetic authenticity. Animals were housed in regulation cages with food and water ad libitum. The study was approved by the Ethics and Clinical Research Committee of the University Hospitals Virgen del Rocío.
Drug pharmacokinetics. Several doses of CLA were assayed in mice in order to produce serum CLA concentrations similar to the maximum concentration in serum (C max ) for humans (data not shown). Finally, the serum pharmacokinetics of CLA was determined after intraperitoneal administration of a single dose of 13 mg/kg of body weight. The dose of IPM (30 mg/kg given intramuscularly) was chosen because of its known efficacy against A. baumannii in this experimental pneumonia model (34) . In both cases, after 5, 10, 15, 30, 60, 90, 120, and 240 min, blood was extracted from the periorbital plexuses of three anesthetized mice per time point. The serum drug concentrations were calculated by a bioassay using K. pneumoniae ATCC 29665 for CLA and Micrococcus luteus ATCC 9341 for IPM. The parameters determined were C max (expressed in milligrams per liter), the area under the concentration-time curve (AUC, expressed in micrograms ⅐ hour/ liter), the terminal half-life (t 1/2 , expressed in hours) (37) , and the time during which the serum CLA concentration remained above the MIC (T MIC , expressed in hours), which was estimated by extrapolation from the regression line of serum elimination using the MIC obtained (20) . The intraday and interday variations of the assays were 3.21% Ϯ 1.28% and 2.96% Ϯ 2.92% for CLA and 2.62% Ϯ 2.44% and 3.22% Ϯ 1.91% for IPM; the linearity (r 2 ) of the assay was 0.99 Ϯ 0.01 and 0.97 Ϯ 0.02, respectively; the lower limits of detection were 0.25 and 0.01 mg/liter.
Animal model. An experimental murine pneumonia model (34) was used to evaluate the efficacies of CLA and IPM against A. baumannii strains. The animals were anesthetized intraperitoneally with 5% (wt/vol) sodium thiopental (Braun) and were inoculated with 50 l of the bacterial suspension, for which the bacteria had been grown for 18 h in MHBCA at 37°C and had then been mixed 1:1 with a saline solution of porcine mucin at 10% (wt/vol). The final inoculum was 8.6 log 10 CFU/ml for Ab11 and 8.58 log 10 CFU/ml for Ab51. Treatments were begun 4 h after inoculation. Prior to the use of the pneumonia model, a group of 10 uninfected mice were treated with the dose regimen selected for CLA to evaluate its toxicity.
To ascertain the efficacy of CLA, 45 mice were inoculated with each strain and were randomly allocated to three groups of 15 animals. The first group did not receive antimicrobial treatment and was used as a control. The other two groups were treated with CLA (13 mg/kg, given intraperitoneally) or IPM (30 mg/kg, given intramuscularly). Because both antimicrobials assayed are ␤-lactams, the dose regimen was calculated to produce serum concentrations above the MIC during 40% of the interval between doses (11); thus, the intervals between doses for CLA were 2.5 h and 2 h for strains Ab11 and Ab51, respectively, and the intervals between doses for IPM were 3.5 h for both strains. The animals were observed for mortality over 24 h, and all the animals were analyzed immediately after death. Blood and lung samples were obtained and processed as described previously (34) . The results are expressed as means Ϯ standard deviations of the log 10 CFU per gram of lung and as frequencies of sterile blood cultures.
Statistical analysis. The mean log 10 CFU per gram of lung for the different treatment groups were compared by analysis of variance (ANOVA). If the differences were significant, comparisons among groups were made using Dunnett and Tukey post hoc tests. Frequencies of sterile tissues, sterile blood cultures, and survival were analyzed by chi-square tests. The SPSS (version 15.0) statistical package was used (SPSS Inc., Chicago, IL).
RESULTS
In vitro studies. The MICs and MBCs of CLA and IPM against Ab11 and Ab51 are shown in Table 1 . For both strains and both antibiotics, a low inoculum effect was observed.
Sulbactam MICs were 1 and 2 mg/liter, respectively. Tazobactam had a MIC of 16 mg/liter against both strains. For these two ␤-lactamase inhibitors, only one inoculum (10 5 ) was tested.
Strains Ab11 and Ab51 were susceptible to piperacillin, piperacillin-tazobactam, meropenem, and colistin and were resistant to ampicillin, cefotaxime, and cefepime. Moreover, against ceftazidime, ciprofloxacin, trimethoprim-sulfamethoxazole, gen- tamicin, and amikacin, Ab11 was susceptible and Ab51 was resistant. Time-kill curves are represented in Fig. 1 . CLA at 4ϫ MIC showed bactericidal activity at 8 h against Ab11; against Ab51, CLA was not bactericidal. IPM was bactericidal at 1ϫ, 2ϫ, and 4ϫ MIC against Ab11 at 8 h; against Ab51, IPM was bactericidal at 1ϫ, 2ϫ, and 4ϫ MIC at 24 h. No PAE of CLA or IPM was observed with either of the strains.
The increase in the growth of strain Ab51 at 24 h in the time-kill curve experiment with CLA was remarkable, reaching the growth level of the antibiotic-free control (Fig. 1) . Figure 2 shows the decrease in the CLA concentration in the culture medium during the assay with strain Ab51 but not with strain Ab11. As stated above, one possible explanation is that somehow CLA is either sequestered or inactivated by ␤-lactamase enzymes. In this respect, the relative enzymatic efficiency (V max /K m -like) parameters of the Ab51 AmpC enzyme (0.02597 min Ϫ1 ) were twice that of the Ab11 AmpC enzyme (0.01255 min Ϫ1 ), which can explain the decrease in the CLA drug concentration in MHBCA along the time-kill curves. On the other hand, the presence of additional ␤-lactamases was discarded by isoelectric focusing gel experiments (data not shown).
In vivo studies. (i) Pharmacokinetics/pharmacodynamics. The t 1/2 values of CLA and IPM after doses of 13 mg/kg and 30 mg/kg, respectively, were 0.24 and 0.26 h. The T MIC s were 0.93 and 0.79 h for CLA with Ab11 and Ab51, respectively, and 1.27 h for IPM with both strains. The pharmacokinetics curves are shown in Fig. 3 . The calculated pharmacokinetic/pharmacodynamic parameters are detailed in Table 2 .
(ii) Efficacy of treatment in experimental pneumonia. In groups inoculated with strain Ab11, both treatments (CLA and IPM) were effective compared to the untreated control group, decreasing the bacterial load by 1.78 log 10 CFU/g lung and 2.47 log 10 CFU/g lung, respectively (P Ͻ 0.001). The frequency of sterile blood cultures increased to 80% in the IPM group (P ϭ 0.005) and 60% in the CLA group (P ϭ 0.07) compared with the control group (26.67%). In the groups inoculated with Ab51, both treatments (CLA and IPM) were effective compared to the control group, decreasing the bacterial load by 2.41 log 10 CFU/g lung (P Ͻ 0.001) and 2.28 log 10 CFU/g lung, respectively (P ϭ 0.001). The IPM and CLA groups had higher frequencies of sterile blood cultures (100% and 93.3%, respectively; P Ͻ 0.001) than the control group (20%). The results are detailed in Table 3 and Fig. 4 . No toxicity was observed with CLA in the group of uninfected mice.
DISCUSSION
The results of the present study show, for the first time, that CLA is effective in the treatment of A. baumannii in experimental murine pneumonia, in terms of reduction of lung bacterial concentrations, sterilization of blood cultures, and survival, with the last two effects being strain dependent. The results with CLA are similar to those with IPM, which is the gold standard for the treatment of clinical A. baumannii infections and has shown high efficacy in the treatment of experimental pneumonia with this bacterium (34), although CLA was slightly less efficacious in the sterilization of blood cultures than IPM with one of the strains assayed.
Due to the high frequency of antimicrobial multiresistance among clinical isolates of A. baumannii, new therapeutic alternatives are being evaluated (44) . Among the ␤-lactamase inhibitors, sulbactam has shown good efficacy in treating A. baumannii infections, both in experimental murine pneumonia and in clinical infections (10, 29, 33) , but less is known about the activities of the other ␤-lactamase inhibitors, such as tazobactam or CLA. CLA has wide antibacterial activity (19) , especially against pathogens such as Neisseria spp., Chlamydia spp., Legionella pneumophila, and Enterobacteriaceae. In an in vitro study with 68 isolates of Acinetobacter spp., CLA was In two studies with 100 and 115 epidemiologically defined strains of Acinetobacter spp., the CLA MIC was Յ8 mg/liter for 29% and 40.9% of the strains, respectively, and CLA MIC 50 s were 32 and 16 mg/liter (3, 27) .
In the time-kill curves, a bactericidal effect was observed against strain Ab11, but not against Ab51, at 4ϫ MIC. To explain this unexpected result, the CLA concentration in the culture medium was determined, and a significant decrease was observed with strain Ab51, from 16 to 2.5 mg/liter after 24 h of incubation at 4ϫ MIC, but not with Ab11. This effect could be due to hydrolysis or a sequestration-like effect of the AmpC enzyme that decreases the CLA concentration in the medium. Indeed, it has been shown previously that CLA can inhibit AmpC from A. baumannii, which demonstrates the interaction of this inhibitor with the naturally occurring AmpC enzyme from this microorganism (6) . Another possible explanation could be an increase in CLA MICs during the time-kill experiments; however, we determined CLA MICs against both strains before and after a 24-h incubation with a CLA concentration of 8 mg/liter, and we observed no changes in the MICs (data not shown).
As occurs with other ␤-lactams against gram-negative bacilli, except in the case of IPM (39), we have found absent or minimal PAE with CLA against the strains studied. Previously, it has been shown that the addition of CLA to amoxicillin (amoxicilline) produced an extended PAE against ␤-lactamase-negative strains of Staphylococcus aureus, Streptococcus pneumoniae, Streptococcus pyogenes, Haemophilus influenzae, Moraxella catarrhalis, and Escherichia coli (24) . Other authors (42) found a lack of enhancement of the amoxicillin PAE by CLA, and they explained the findings of the previous work (24) by the high concentrations of CLA used, which have antibacterial activity per se. We have found no PAE with IPM, in spite of the results of other authors (39) .
Different in vitro studies of pathogens such as S. pneumoniae (15, 36) , L. pneumophila (40) , E. coli (25) , and Acinetobacter spp. (39) suggest that CLA has affinity for penicillin-binding proteins, although the activity can differ greatly depending on the microorganism. It seems that an important factor in considering the activity of CLA, especially when it is combined with other ␤-lactams, such as amoxicillin or ticarcillin, is the interaction with the immune system. In two works in which Klebsiella pneumoniae infections in renal transplant patients (13) and patients with chronic hemodialysis (14) were studied, addition of amoxicillin-clavulanate at 0.5ϫ MIC restored the activity of human polymorphonuclear cells to levels similar to those in healthy subjects. In agreement with these results, the association of amoxicillin and CLA resulted in a synergistic potentiation of the activity of both drugs on polymorphonuclear cell activity against S. pneumoniae in such a manner that the bacteria became more susceptible either to phagocytosis or to the microbicidal activities of phagocytes (15) . The use of subinhibitory concentrations of amoxicillin-clavulanate may increase the expression of the proinflammatory cytokines interleukin-8 and interleukin-1␤ (32) . The interaction between amoxicillin-clavulanate and the immune cells seems clear, but further studies are necessary to determine the involvement of CLA in this interaction.
Animal infection models are very useful for the observation of new potential uses of antibiotics already established in clinical practice. For example, good in vitro activity of CLA was observed against Chlamydia trachomatis (7) . Later, the efficacy of treatment with CLA was demonstrated in experimental murine pneumonia caused by C. trachomatis, in which CLA protected 75% of mice, amoxicillin protected 90%, and the combination of the two protected 100% (2). In the treatment of L. pneumophila in neutropenic rats, CLA was highly efficacious, similar to the gold standard, erythromycin; amoxicillin-clavulanate was not more effective, while amoxicillin alone was ineffective (38) . This correlates with the results obtained in vitro, in which the CLA MIC was 0.1 to 0.25 mg/liter (40) . In the murine model, both CLA and IPM treatments were efficacious in pulmonary bacterial clearance, as determined by comparison with clearance in the group without treatment, and increased the number of sterile blood cultures. There were no significant differences between two treatments in these parameters, although the number of sterile blood cultures was higher (and significantly different from that for the control) with IPM than with CLA. The model was not used beyond 24 h because of the high number of doses that had to be administered to the animals to reach a serum concentration above the MIC for at least 40% of the time between doses. In spite of this, CLA decreased the mortality rate in the model with strain Ab51, which produced a mortality rate of 93.3% in the control group.
In an experimental A. baumannii pneumonia model in neutropenic mice, the addition of CLA to ticarcillin, using a strain for which ticarcillin and ticarcillin-clavulanate MICs were 32 mg/liter, decreased the lung bacterial concentration, whereas ticarcillin alone was not efficacious in comparison with the control group. In this work, IPM alone was also efficacious in comparison with the control group, showing no differences from ticarcillin plus CLA (45) .
Data about the pharmacokinetics of CLA in humans are scarce. In the present experiments, the dose of CLA was chosen to produce a C max similar to that in humans. Thus, the C max of CLA after a dose of 200 mg in humans is 11.4 mg/liter (1), and in the mice it was 13.38 mg/liter. The t 1/2 in humans receiving the same dose is 0.8 to 1 h (1), higher than the t 1/2 found in our experiments with mice, which was 0.24 h, as is the rule for small animals. Also, in human bronchial mucosae, the levels of CLA are 118% of the corresponding levels in serum (23) . These data suggest that CLA may be used to treat human lung infections with A. baumannii strains for which the CLA MIC is Յ8 mg/liter, such as those in the present study, taking into account that a similar C max is obtained with a 200-mg dose and that the interval between doses may be the same as that obtained when CLA is used as a ␤-lactamase inhibitor because of its higher t 1/2 in humans than in mice.
In summary, the present study suggests that CLA is effective in the treatment of experimental murine pneumonia caused by A. baumannii and that it thus warrants future assessment of its efficacy with A. baumannii strains showing higher CLA MICs than those in the present study. Studies of humans, such as those performed with sulbactam, are necessary to confirm these results.
